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Abstract 
The steady-state levels and metabolic properties of mitochondrial tRNAs 
have been analyzed in HeLa cells and correlated with the function of the tRNAs 
for organelle-specific protein synthesis. DNA excess hybridization experiments 
utilizing separated strands of mitochondrial DNA (mtDNA) and purified tRNA 
samples from exponential cells long-term labeled with [32P] orthophosphate have 
revealed a steady-state level of 6x 105 tRNA molecules per cell, with three-
fourths being encoded in the heavy (H)-strand and one-fourth in the light 
(L}-strand. Hybridization of the tRNAs with a panel of M 13 clones of human 
mtDNA containing, in most cases, single tRNA genes and a quantitation of two-
dimensional electrophoretic fractionations of the tRNAs have shown that the 
steady-state levels of tRNAF and tRNA V are two to three times higher than the 
average level of the other H-strand-encoded tRNAs and three to four times higher 
than the average level of the L-strand-encoded tRNAs. Similar experiments 
carried out with tRNAs from cells labeled with very short pulses of [5-3H] uridine 
have indicated that the rates of formation of the individual tRNA species are 
proportional to their steady state amounts. Therefore, the 15-fold to 60-fold 
higher rate of transcription of the tRNA V and tRNA F genes (transcribed with the 
rONA transcription unit) relative to the other H-strand tRNA genes (transcribed 
with the whole H-strand transcription unit) and the 13-fold to 20-fold higher rate 
of transcription of the L-strand tRNA genes relative to the H-strand tRNA genes 
(other than tRNA V and tRNAF genes) are not reflected in the rates of formation 
of the corresponding tRNAs. The available data indicate that the majority of 
tRNA V and tRNAF transcribed from the rDNA transcription unit are degraded as 
they are excised from the primary transcripts. It also seems likely that the 
majority of the L-strand-encoded tRNAs are degraded before they are excised 
from the short-lived polycistronic transcripts. Furthermore, a role of the 
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aminoacyl tRNA synthetases in stabilizing the different tRNA species at 
relatively uniform levels is suggested. A comparison of the steady-state levels of 
the individual tRNAs with the corresponding codon usage for protein synthesis, as 
determined from the DNA sequence and the rates of synthesis of the various 
polypeptides, has not revealed any significant correlation between the two 
parameters. 
In other experiments, isolated human mitochondria containing a 
mitochondrial DNA (mtDNA)-coded chloramphenicol resistance marker were 
injected at an average dose of less than one into sensitive human cells partially 
depleted of their mtDNA by ethidium bromide treatment. Under selective 
conditions, the mitochondria became established in the recipient cells with a 
frequency greater than 2 to 3x 1 o-3. A rapid and, in some cases, complete 
replacement of the resident mtDNA by the exogenous mtDNA took place in the 
transformants, as shown by multiple mtDNA and nuclear DNA polymorphisms. 
Intracellular mtDNA selection played a crucial role in this replacement, with 
significant implications for mitochondrial genetics. 
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CHAPTER 1 
Gene Expression in Human Mitochondria 
2 
Mitochondria are present in the cytoplasm of all eukaryotic cells, where 
they are primarily responsible for cellular respiration and the production of ATP. 
In mammalian cells, each mitochondrion contains a variable number of circular 
DNA molecules. Since these DNA molecules code for many proteins essential for 
mitochondrial function, as well as for the ribosomal RNAs (rRNAs) and transfer 
RNAs (tRNAs) needed in translation, the mitochondria represent a genetic system 
that is distinct from the nuclear genome. 
Genetic Organization. 
The complete DNA sequence of the mitochondrial genome from four 
species of mammals -- human (Anderson et al., 1981), mouse (Bibb et al., 1981), 
cow (Anderson et al., 1982), and rat (G. Gadaleta, personal communication) -- has 
been determined. Analysis of these sequences has revealed that, in addition to 
their similarities in size, these genomes have identical gene content and genetic 
organization. The genetic and transcriptional map of the human mitochondrial 
genome is shown in Figure 1. As is evident from this figure, the human, and the 
mammalian genomes in general, exhibit an extreme economy in their genetic 
organization. With the exception of approximately 7% of the genome around the 
heavy (H)-strand origin of replication, the mitochondrial DNA (mtDNA) is 
completely saturated with RNA and protein coding sequences. Two rRNA genes, 
14 tRNA genes, and 12 protein coding genes are transcribed from the H-strand, 
and 8 tRNA genes and 1 protein coding gene are transcribed from the light (L)-
strand. The tRNA genes are arranged in such a way that they are nearly always 
contiguous to the rRNA genes and the protein coding genes, with the intergenic 
spacing between these genes being, in most cases, represented by no, or very few 
nucleotides. Thus, the protein coding genes begin immediately, or within a few 
nucleotide intervals, with the initiation codon of the reading frame. In addition, 
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most reading frames lack a termination codon and end with either a T or a T A 
following the last sense codon. When processing occurs at the 3'-ends of the 
individual mRNAs (usually immediately preceding the 5'-end of a tRNA, see 
below), these mRNAs are polyadenylated creating a TAA termination codon. 
RNA Synthesis and Processing. 
Studies of transcription of mtDNA in HeLa cell mitochondria have shown 
that both strands are transcribed over their entire length (Aloni and A ttardi, 1971; 
Murphy et al., 1975). Three initation sites for transcription have been found, one 
for transcription of the L-strand and two for transcription of the H-strand 
(Montoya et al., 1982; Yoza and Bogenhagen, 1984). The L-strand transcripts are 
polycistronic RNA molecules that begin in the displacement loop, near the H-
strand origin of replication, and extend through the entire length of the L-strand. 
They are synthesized at a two- to three-fold higher rate than the H-strand 
transcripts (Cantatore and A ttardi, 1980). One class of H-strand transcripts is 
represented by polycistronic RNA molecules that initiate near the 3'-end of the 
125 rRNA gene and extend through the full length of the H-strand. These 
molecules are destined to produce the majority of the tRNAs and mRNAs. The 
other class of H-strand transcripts starts approximately 20 nucleotides upstream 
of the tRNAF gene, continues through the 125 rRNA, tRNA v, and 165 rRNA 
genes, and terminates at the 3'-end of the 165 rRNA gene. They are transcribed 
at a rate 15 to 60 times higher than the larger H-strand transcripts and are 
responsible for the bulk of the rRNA formation (Montoya et al., 1983). 
The transcription of the mtDNA in the form of large polycistronic RNA 
molecules and the presence of tRNA genes flanking nearly every rRNA and 
protein coding gene have led to the hypothesis that the tRNA sequences in the 
polycistronic transcripts function as signals for processing. The precise 
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endonucleolytic cleavages at the 5'- and the 3'-ends of the tRNA sequences, 
excising the tRNAs, release the rRNAs and the mRNAs. The tRNAs are further 
modified by the addition of CCA to their 3'-end, and they and the rRNAs also 
undergo some base modifications, most notably methylation. Furthermore, the 
rRNAs have one or more A residues added to their 3'-ends, whereas the mRNAs 
are modified by the addition of a long poly(A) tract (-55 residues) to their 3'-end. 
The sequence analysis of the 5'- and the 3'-ends of the rRNAs and most of the 
mRNAs from He La cell mitochondria (Crews and A ttardi, 1980; Montoya et al ., 
1981; Ojala et al., 1981 ), and their alignment with the mtDNA sequence (Anderson 
et al., 1981), have confirmed the above picture of mitochondrial RNA processing. 
The H- and L-strand transcripts are aligned with the mitochondrial genetic map in 
Figure 1. 
Genetic Function. 
The mRNAs for the mtDNA-encoded polypeptides are translated within the 
mitochondria on organelle- specific ribosomes. The mtDNA of mammalian cells 
encodes the two rRNAs and all the tRNAs required for translation, whereas all the 
proteins of the translation apparatus are nuclear DNA encoded. One of the 
unusual features of the mitochondrial genetic system is that it uses a genetic code 
that differs from the so-called "universal code." In mammalian mitochondria, 
UGA codes for tryptophan instead of functioning as a termination codon, AUA 
codes for methionine instead of isoleucine, and AGA and AGG are termination 
rather than arginine codons (Anderson et al., 1981). In addition, AUG, AUA, and 
in some cases, AUU and AUC, function as initiation codons, and both AUG and 
AUA can code for internal methionines. Thus, by the use of a two out of three 
base interaction between codon and anticodon in the four codon families (genetic 
code boxes with four codons for one amino acid) and by the use of only one 
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tRNA M species for both initiation and elongation, 22 tRNA species are sufficient 
for translation of the mitochondrial mRNAs. 
Each of the mitochondrial translation products has been assigned to one of 
the protein coding sequences of the mtDNA, and the function of these 
polypeptides has been determined. In animal cells, all of the mitochondrially-
encoded proteins have been found to be components of the multisubunit enzyme 
complexes of the mitochondrial respiratory chain and the coupling proton 
translocating A TPase. Seven of the 13 polypeptides encoded in the mtDNA are 
components of the first enzyme complex of the mitochondrial respiratory chain, 
the rotenone-sensitive NADH-ubiquinone oxidoreductase (Chomyn et al., 1985, 
1986). No mtDNA-encoded polypeptide has been found to be associated with 
complex II, the succinate-ubiquinone oxidoreductase. At least one of the two b 
hemes of the ubiquinol-cytochrome c oxidoreductase (complex III) is associated 
with one of the mtDNA-encoded polypeptides, apocytochrome b (Hatefi, 1985). 
The three largest subunits of ferrocytochrome c-oxygen oxidoreductase 
(complex IV), COI, COil, and COIII, are also synthesized in mitochondria (Hare 
et al., 1980). Finally, subunit 6 and subunit 8 of the A TP synthase (complex V, the 
so-called proton translocating A TPase) are mitochondrial translation products 
(Mariottini et al., 1983; Chomyn et al., 1983; Macreadie et al., 1983). With the 
exception of apocytochrome b, little information is currently available concerning 
the specific function of the mitochondrially-encoded polypeptides within these 
multisubunit enzyme complexes of the inner membrane. The location in the 
mtDNA genetic map of the DNA and RNA sequences coding for these proteins is 
shown in Figure 1. 
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Regulation of Mitochondrial Gene Expression. 
The mapping and sequencing of the mitochondrial RNAs, their alignment 
with the mtDNA sequence, and the identification of the transcriptional initiation 
sites have provided a clear understanding of mtDNA transcription in HeLa cells. 
The analysis of the metabolic properties of the mtDNA transcripts (Cantatore and 
A ttardi, 1980; Gelfand and A ttardi, 1981; A ttardi et al., 1982; Montoya et al., 
1983) and the correlation of these properties with the different transcription 
events (Montoya et al., 1983) suggest the mechanisms by which the steady-state 
levels of the mRNAs and rRNAs are regulated. The longer half-life of the rRNAs 
(2.5 to 3.5 hr), as compared to the half-lives of the various mRNA species (varying 
between 25 and 90 min), combines with their higher rate of synthesis (15- to 60-
fold that of the H-strand-encoded mRNAs) to produce their 25- to 250-fold higher 
steady-state levels over those of the various mRNA species. In addition, the L-
strand is transcribed at a rate two- to three-fold higher than the combined 
transcription rates of the two H-strand transcription units, but, because of the 
very short half-lives of these transcripts, they do not accumulate to any 
significant extent. Thus, transcriptional control combines with posttranscriptional 
control to regulate the steady-state levels of the rRNAs and mRNAs. 
The presence of tRNA genes within each of the three transcription units, 
which are transcribed at very different rates, led to the question of how tRNA 
formation is regulated in HeLa cells. We have examined the steady-state levels 
and metabolic properties of the mitochondrial tRNAs. The steady-state levels of 
tRNA F and tRNA V, the two tRNAs encoded in the rRNA transcription unit, are 
only two to three times higher than the average levels of the other tRNAs 
transcribed from the H-strand. Pulse labeling experiments indicate that the 
majority of newly synthesized tRNAF and tRNA V do not become mature tRNAs 
and are rapidly degraded. The tRNA species transcribed from the L-strand are 
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represented in HeLa cell mitochondria at an average level which is approximately 
70% of the average level of the H-strand encoded tRNA species. The role of 
posttranscriptional control in the maintenance of the steady-state levels of the 
mitochondrial tRNAs and the possible mechanisms by which this occurs are 
discussed in Chapter 2. The role that the steady-state levels of the tRNAs play in 
mitochondrial translation is likewise discussed in this chapter. This study has 
completed the in vivo analysis of the steady-state levels and metabolic properties 
of the three major classes of RNA-rRNA, tRNA, and mRNA, synthesized in HeLa 
cell mitochondria. 
Current experiments are focusing on the molecular mechanisms regulating 
the different rates of transcription from the three transcriptional initiation 
sites. In addition, how the initiation of transcription at the H-strand initiation 
site for rRNA synthesis is coupled to its termination at the 3'-end of the 16S 
rRNA gene, whereas initiation at the other H-strand initiation site is not 
associated with termination at this site, is being investigated. Another very 
active area of research is the role that the nucleus and cytoplasm have in 
regulating mitochondrial gene expression. Most investigators are using in vitro 
systems to address these questions. Several soluble systems have been developed 
(Chang and Clayton, 1984; Bogenhagen et al., 1984; Shuey and Attardi, 1985), as 
well as one that uses isolated mitochondria (Gaines and Attardi, 1984). 
Unfortunately, no transcription from the downstream H-strand promoter has been 
detected in any of the soluble systems. Analysis of a series of deletion mutations 
(Chang and Clayton, 1984; Bogenhagen et al., 1984) and point mutations (Hixson 
and Clayton, 1985) have defined the sequences required for accurate initiation of 
transcription in vitro from the L-strand promoter (PL) and the ribosomal H-strand 
promoter (PHR). Fractionation of these systems indicates that the same 
components that are required for initiation of transcription of PL are also 
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required for initiation from PHR. Furthermore, a minimum of two factors are 
involved in transcriptional initiation, a nonselective or weakly-selective RNA 
polymerase and a mitochondrial transcription factor that confers promoter 
selectivity on the polymerase (Fisher and Clayton, 1985). The binding of this 
transcription factor to wild-type promoter-containing DNA fragments as well as 
to a series of mutant promoter-containing DNA fragments has been well 
characterized (Fisher et al., 1987). All these experiments point towards the 
conclusion that because PL is intrinsically a stronger promoter than PHR in vitro, 
the L-strand is transcribed at a higher rate than the H-strand in vivo. Although 
transcriptional termination at the 3'-end of the 165 rRNA has been observed 
in vitro (Christianson and Clayton, 1986), no correlation between initiation and 
termination has been observed. 
Current studies examining the regulation of mitochondrial gene expression 
in vivo are focusing on the role of translational control. The initial results of 
these experiments indicate that the various mitochondrial polypeptides are 
synthesized at very different rates (A. Chomyn, personal communication). Up to a 
ten-fold variation in the individual rates of synthesis are seen. In addition, the 
polypeptides that are present in the same enzyme complex, appear to be 
synthesized at similar rates. The relative abundance of the individual mRNA 
species does not seem to correlate with the rates of synthesis of the corresponding 
polypeptides. Further experiments exploring the role of translational control in 
mitochondrial gene expression and the possible mechanisms by which it occurs 
should prove interesting. In particular, the development of a soluble in vitro 
translation system should advance our understanding of the mechanisms of 
translational control considerably. 
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Future Prospects. 
In the past ten years, a variety of methods of DNA-mediated nuclear 
transformation have been developed which have greatly facilitated investigations 
on the mechanisms and regulation of nuclear gene expression in eukaryotic cells. 
In contrast, in spite of the numerous attempts, published (Nagley et al., 1985) and 
unpublished, no success has as yet been reported in DNA-mediated transformation 
of mitochondria. This failure has considerably hindered the in vivo dissection of 
the mechanisms of replication and expression of the mitochondrial genome and the 
development of mitochondrial genetics of mammalian cells. 
The difficulty of defining the appropriate conditions inside the cell which 
would allow the penetration of exogenous DNA through the double mitochondrial 
membrane is probably responsible for the failure mentioned above. A reasonable 
approach to this problem would therefore be to manipulate mitochondria in vitro, 
and then to introduce the genetically altered mitochondria into an appropriate 
recipient cell. As a preliminary step in such an approach, the conditions for 
introducing isolated mitochondria in a viable form into a cell would have to be 
devised. We have developed a procedure, whereby isolated mitochondria 
containing mtDNA with a selectable marker are microinjected into and become 
established in appropriate recipient cells under selective conditions, leading to a 
rapid, and in some cases apparently complete replacement of the resident 
mtDNA. The dynamics of mtDNA replacement has provided an insight into the 
nature of the selection mechanisms involved. These experiments and a discussion 
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Figure 1. Genetic and transcriptional maps of the HeLa cell mitochondrial 
genome. The two inner circles show the positions of the two rRNA genes, the 
reading frames and tRNA genes, as derived from the mtDNA sequence (Anderson 
et al., 1981). Mapping positions of the oligo(dT)-cellulose-bound and nonbound 
H-strand transcripts are indicated, respectively, by black and white bars, those of 
the oligo(dT)-cellulose-bound L-strand transcripts by hatched bars. Left and right 
arrows indicate the direction of H-and L-strand transcription, respectively. The 
vertical arrow, marked OH, and the rightward arrow at the top indicate the 
location of the origin and the direction of H-strand synthesis; the arrow marked 
OL indicates the origin of L-strand synthesis. (COl, COil, and COlli) Subunits I, II, 
and III of cytochrome c oxidase; (ND 1, 2, 3, 4, 4L, 5, and 6) NADH dehydrogenase 
subunits 1, 2, 3, 4, 4L, 5, and 6; (CYTb) apocytochrome b; (H+ -ATPase 6 and 8) 
subunits 6 and 8 of H+ -ATPase. 

















































































